Abstract. PI3 kinase (PI3K), Akt and MAP kinase (MAPK) pathways are central to many classical signaling cascades and are often de-regulated in many cancers. Due to this, inhibitors for a number of key signaling molecules in these pathways such as PI3K, Akt, mTOR, Raf and ERK are currently in clinical trials. In the current study, we investigated the effects of specific inhibition of these signaling molecules, alone or in combinations, on prostate cancer cells. Our study showed that integration of Akt-mTOR and MAPK signaling by PI3K was essential for the EGF-stimulated TRAMP cell migration, proliferation, survival and invasion as well as PC3 and LNCaP C4-2 (C4-2) colony/foci formation. Adenovirus-mediated expression of constitutively active Akt (Ad-myrAkt) in PC3 cells resulted in significant increase in number of foci. Even though PI3K inhibition significantly reduced foci formed by C4-2 cells, none of the Akt, ERK or mTOR inhibitors showed any significant inhibition. This indicated that functional redundancies and/or feed back loops between Akt-mTOR and MAPK signaling exist in prostate cancer. Further studies on cotargeting these signaling molecules revealed that combined inhibition of Akt (or mTOR) and ERK, but not Akt and mTOR, resulted in significant reduction in number of foci formed by the C4-2 cells. Overall, our study demonstrated that the effects of PI3K-mediated prostate cancer growth necessitates a synergism between the Akt and MAPK pathways and suggests cotargeting Akt (or mTOR) and MAPK as an effective method for prostate cancer therapeutic interventions.
Introduction
Age-related epithelial cancers such as prostate cancer are often caused due to somatic mutations in cell signaling molecules (1) . The occurrence of androgen-insensitive prostate cancers, often due to the resistance developed by activating mutations in many signaling molecules, makes it even more difficult to treat these cancers using conventional androgen therapy (2) . Research has for a long time been focused on targeting growth factors (e.g. Bevacizumab), receptor tyrosine kinases (RTKs) (e.g. Sorafenib) and integrins (e.g. Cilengitide) (3) for treating many cancers. Many of these trials demonstrated development of tumor resistance to therapy (4) . Hence, attention has recently shifted to use of intra-cellular signaling molecules to target for cancer therapy.
Mutations in oncogenes such as Ras (5), Src (6), Raf (7) and myc (8) . have been linked to oncogenic transformation, tumor progression and metastasis. De-regulation of one or more of these signaling pathways is always associated with tumor growth and metastasis (1) . The loss of the tumor suppressor gene encoding phosphatase and tensin homolog deleted on chromosome 10 (PTEN) is common in prostate cancer (9, 10) . Loss of PTEN activity, in turn, results in the activation of many signaling pathways that are deregulated during prostate cancer that include classical PI3 kinase (PI3K)-Akt (10, 11) and MAP kinase (MAPK) cascades (12) . Because of this significance, there is considerable interest in the importance of downstream signaling components of PTEN, mainly the PI3K/Akt/mTOR and MAPK pathways in developing therapeutics for prostate cancer.
PTEN functions as a lipid phosphatase that is responsible for the dephosphorylation of phosphatidylinositol triphosphate (PIP3), a second messenger of PI3K at the plasma membrane (13, 14) . In the absence of PTEN activity, intracellular PIP3 levels will be elevated due to the conversion of phosphatidylinositol bisphosphate (PIP2) to PIP3 by activated PI3K (13, 14) . This, in turn, binds to the PH-domain of PDK1 and Akt and recruits them to the plasma membrane (15) , where PDK1 phosphorylates Akt on Thr308 in the activation loop of the kinase domain. Many kinases have been proposed to phosphorylate Ser473 of Akt, which is necessary for its complete activation. Some of them include integrin-linked kinase (ILK) (16) , mTORC2 (17) and Akt itself (18) . Although mTORC2 is a Rapamycin-insensitive complex, long-term treatment can inhibit its activity and inhibit Akt Ser473 phosphorylation (17) .
Human prostate cancer cell lines such as PC3 and LNCaP C4-2 (C4-2) has been shown to contain higher levels of activated Akt (19, 20) . Akt has been shown to suppress androgen-induced apoptosis via phosphorylation and inhibition of androgen receptor (21) . Conditional activation of Akt has been shown to promote androgen-independent progression and was found essential to neuroendocrine differentiation of prostate cancer (22) . Development of hormone insensitivity in patients who have been on long-term androgen ablation therapy for prostate cancer is associated with the reinforcement of the PI3K-Akt pathway (23) . Loss of PTEN (24) as well as elevated levels of PI3K activity (25) , and phosphorylated Akt (Serine 473; active) (23) have been shown to correlate with higher Gleason score and are excellent predictors of poor clinical outcome in prostate cancer patients.
MAPK pathway that includes signaling molecules such as Raf and ERK is another mediator of prostate cancer progression (26) . Inhibition of PI3K has been shown to inhibit phosphorylation of ERK in Rat1 cells (27) . In this previous study using a Rat1 cell model, we showed that expression of myrAkt (constitutively active) resulted in oncogenic transformation (27) . Although expression of Rat1 cells with cRaf, an upstream activator of ERK, did not induce oncogenic transformation, co-expression of cRaf along with constitutively active Akt resulted in enhanced rate of oncogenic transformation, compared to cells expressing myrAkt alone (27) . This suggests that cooperation between PI3K-Akt and cRaf-ERK signaling exists in many cancers. In the current study, we have attempted to answer the question whether integration of Akt-mTOR and MAPK pathways by PTEN-PI3K is necessary for prostate cancer. Our study reveals that targeting Akt (or mTOR) and ERK concomitantly can be a suitable strategy for prostate cancer therapy.
Material and methods
Cell lines, reagents, and antibodies. Mouse TRAMP cell lines: 1) non-tumorigenic, non-metastatic (TR-C2A, TR-C2D, TR-C3); 2) tumorigenic, non-metastatic (TR-C1, TR-C2, TR-C2G); and 3) tumorigenic, metastatic (TR-C2N, TR-C2H) (28) were a kind gift from Dr Barabara Foster, Baylor College of Medicine, TX to Dr Warren Heston. Human PC3 and C4-2 cell lines were obtained from ATCC (Manassas, VA). All cell lines were maintained in DMEM (HyClone) with 10% fetal bovine serum, 100 U/ml penicillin, and 100 μg/ml streptomycin in a 5% CO 2 atmosphere at 37˚C. EGF (50 μM) (R&D Biosystems) was prepared in DMSO. Inhibitors of PI3K (LY294002), Akt (SH-5), mTOR (Rapamycin) and MEK (U0126) (EMD Biosciences) were dissolved in DMSO to make a stock solution containing: 10 mM of LY294002, 10 mM of SH-5, 25 nM of Rapamycin and 10 mM of U0126. Primary antibodies such as: anti-Akt, anti-phospho -Akt  S473 ,  anti-phospho-S6-kinase  T389 , anti-phospho-ribosomal S6  protein  S235/236 , anti-cRaf  S259 and anti-phospho-4EBP1   T37/46 were purchased from Cell Signaling (Boston, MA Cell proliferation assay. The effect of inhibitors on proliferation of TRAMP cell lines was determined using the nonradioactive BrDU-based cell proliferation assay (Roche, Basel, Switzerland) according to the manufacturer's protocol. Briefly, mouse TRAMP cell lines: TR-C2D, TR-C2 and TR-C2N cells were seeded in 96-well plates at a density of 5x10 3 cells per well. After 24 h, the cells were incubated in serumfree medium supplemented with 50 μM EGF plus 10 μM of LY294002, 10 μM of SH-5, 25 nM of Rapamycin and 10 μM of U0126 for 16 h. Control cells were treated with 0.1% DMSO (vehicle control) or only 50 μM EGF. After treatment, the cells were subject to a 5-bromo-2-deoxyuridine assay using the BrDU Labeling and Detection Kit III (Roche Applied Science), according to the manufacturer's protocol. BrDU incorporation into the DNA was determined by measuring the absorbance at both 450 and 690 nm on an ELISA plate reader. The data are presented as mean ± SD (n=3).
Colony formation assay. Colony formation assay was performed using standard protocol (29, 30) . In this approach, PC3 or C4-2 cells were cultured on 6-well plates till monolayer was reached. The wells were treated with respective inhibitors, alone or in combinations, in the presence of serum and were incubated further for another 5 days. Inhibitors of PI3K, Akt, mTOR and MAPK, which are 10 μM LY294002, 10 μM SH-5, 25 nM Rapamycin and 10 μM U0126, respectively were used alone or in following combinations (10 μM SH-5 + 25 nM Rapamycin, 10 μM SH-5 + 10 μM U0126, 10 μM U0126 + 25 nM Rapamycin). At 5 days post treatment, each of the wells was counted for the number of colonies and were compared to control. Plates were fixed using crystal violet and counted visually or using Image J software. The data are presented as mean ± SD (n=3).
Western analysis. TRAMP cell lines were cultured to reach monolayer in serum containing medium (TR-C1A, TR-C2D, TR-C1, TR-C2, TR-C2H and TR-C2N) or serum starved for 5 h (TR-C2D, TR-C2 and TR-C2N) and treated with 50 μM EGF, 50 μM EGF + 10 μM LY294002, 50 μM EGF + 10 μM SH-5, 50 μM EGF + 25 nM Rapamycin, and 50 μM EGF + 10 μM U0126 for 16 h and 30 min. Control cells were treated with 0.1% DMSO (vehicle control). Whole cell lysates were prepared using lysis buffer [50 mM Tris-HCl (pH 7.4), 1% Triton X-100, 150 mM NaCl, 1 mM EDTA, 2 mM Na 3 VO 4 , and 1X Complete protease inhibitors (Roche Applied Science)]. The protein concentration was measured by the Dc protein assay (Bio-Rad). Western analyses were performed using standard Laemmli's method as done previously (31) .
Statistical analysis. Mean activities were calculated from three independent experiments done at least in triplicates. The Student's two-tailed t-test was used to determine significant differences between treatment and control values.
Results

Tumorigenic and metastatic potential of prostate cancer cells correlate with the activity levels of PI3K-Akt and MAPK pathways.
In order to do a comparison between the activity status of PI3K-Akt as well as MAPK pathways and the tumorigenic and metastatic potential of prostate cancer cells, we employed 6 mouse TRAMP prostate cell lines, which are categorized into i) non-tumorigenic (TR-C1A, TR-C2D), ii) tumorigenic (TR-C1, TR-C2) as well as iii) tumorigenic and highly metastatic (TR-C2H, TR-C2N) and subjected them to Western blot analysis of signaling molecules involved in the PI3K and MAPK pathways in comparable conditions. Our results indicated that, levels of phosphorylated Akt, cRaf, ERK1/2 and substrates on mTOR such as P70 S6 kinase and 4E-BP1 were higher in tumorigenic (TR-C1, TR-C2) and metastatic (TR-C2H, TR-C2N) cells compared to nontumorigenic (TR-C1A, TR-C2D) TRAMP cell lines (Fig. 1) . We next determined the effects of inhibitions of PI3K, Akt, mTOR and MAPK on representative cell lines from each of the non-tumorigenic (TR-C2D), tumorigenic (TR-C2) and metastatic (TR-C2N) groups using inhibitors, LY294002, SH-5, Rapamycin and U0126, respectively. While treatment with EGF resulted in enhanced phosphorylations of Akt, ERK and mTOR substrates, a decrease in the levels of phosphorylated Akt and ERK was seen in all three TRAMP cell lines with PI3K inhibition by LY294002 (Fig. 2) , indicating that PI3K is responsible for the activation of both Akt and ERK. As expected, inhibition of MEK (U0126) and Akt (SH-5) resulted in decreased phosphorylations of ERK and mTOR substrates (P70 S6 kinase and 4E-BP1). Interestingly, while Akt inhibition resulted in decreased ERK phosphorylation, inhibition of MAPK resulted in partial reduction in phosphorylated Akt levels (Fig. 2) . Also, specific inhibition of mTOR by Rapamycin treatment reduced phosphorylation of both Akt and ERK. Together these results indicate that cross-talk between signaling molecules exists in prostate cancer cells in the regulation of tumor growth and metastasis.
Inhibitors of PI3K, Akt, mTOR and MAPK significantly inhibit prostate cancer cell migration.
A role for Akt and MAPK pathways has been reported in the migration of a number of cancer cell types (32, 33) . To determine if Akt/ mTOR and/or MAPK is involved in prostate cancer cell migration with respect to its tumorigenic and metastatic potential, we incubated TR-C2D, TR-C2 and TR-C2N cell lines with inhibitors of PI3K (LY294002), Akt (SH-5), mTOR (Rapamycin) and MEK (U0126) in the presence or absence of EGF (50 ng/ml) and subjected them to a migration assay using a monolayer scratch healing method as performed previously (31) . When compared to the control, tumorigenic and metastatic cell lines exhibited significantly higher rate of migration (p<0.001) (Fig. 3A) . While incubation with EGF significantly enhanced cell migration in all the TRAMP cell lines, co-incubation of TRAMP cell lines with EGF and one of the inhibitors of PI3K (LY294002; p<0.001), Akt (SH-5; p<0.001), mTOR (Rapamycin; p<0.05) or MEK (U0126; p<0.05) resulted in significant reduction in EGFmediated cell migration (Fig. 3B) , suggesting that PI3K/ Akt/mTOR and the Ras/Raf/MEK/ERK pathways play a significant role in the directional migration of prostate cancer cells. Our observation is that the effects of PI3K and Akt inhibition on TRAMP cell migrations are much more robust compared to specific inhibition of mTOR or MEK/ERK.
Inhibitors of PI3K, Akt, mTOR and MAPK significantly inhibit prostate cancer cell invasion.
We next evaluated the effects of PI3K, Akt, mTOR and MAPK inhibition on prostate cancer cell invasion. To do this, we incubated TR-C2D, TR-C2 and TR-C2N cell lines with inhibitors of PI3K (LY294002), Akt (SH-5), mTOR (Rapamycin) and MEK (U0126) in the presence and absence of EGF and subjected them for an invasion assay. Invasiveness of TRAMP cell lines were measured at 12 and 24 h after the cells were plated on Matrigel-coated filters in the presence and absence of EGF and inhibitors. As expected, our results indicated that TR-C2D (non-tumorigenic) cells were not invasive ( Fig. 4A and B) and rate of invasion by TR-C2 (tumorigenic) and TR-C2N (metastatic) cells were significantly higher compared to TR-C2D in response to EGF. Inhibition of PI3K, Akt, mTOR and MAPK resulted in significant inhibition in the rate of invasion by TR-C2 cells (Fig. 4C) (p<0.05) . Similar results were obtained from the TR-C2N cell line, except that Rapamycin did not have a significant inhibitory effect on invasiveness (Fig. 4D) .
Akt, but not mTOR or MAPK is necessary for prostate cancer cell survival. Next, we determined the effects of PI3K, Akt, mTOR and MEK inhibitors on prostate cancer cell survival and apoptosis. First, we performed a trypan blue assay to determine if there is a difference in cell survival between TR-C2D, TR-C2 and TR-C2N cell lines at the basal levels. Our data indicate that there are no differences in the rate of cell death (viability) or apoptosis between the cell lines. However, there was a trend for increased cell death in metastatic (TR-C2N) compared to non-tumorigenic (TR-C2D) cells. Following treatments with PI3K, Akt, mTOR and MAPK inhibitors (0.05% DMSO was used in control) and/or EGF, we observed that EGF dependent cell survival was significantly reduced by PI3K and Akt inhibitors, but not by mTOR and MAPK inhibitors ( Fig. 5A and B) . Similarly, treatment with PI3K and Akt inhibitors significantly enhanced apoptosis in all the 3 TRAMP cell lines (p<0.001 for LY294002 and SH-5 for TR-C2) and (p<0.001 for SH-5; p<0.05 for LY294002 for TR-C2N). However, treatment with mTOR and MAPK inhibitors did not show a significant effect on apoptosis ( Fig. 5C and D) . Taken together, our results show the importance of PI3K-Akt signaling in cell survival.
PI3K, Akt, mTOR and ERK are necessary for the proliferation of prostate cancer cells.
Based on the positive correlation that was observed between biochemical and functional response of EGF and inhibitors PI3K and MAPK pathways on TR-C2D, TR-C2 and TR-C2N mouse cell lines, we examined the effects of these inhibitors on EGF-stimulated prostate cancer cell proliferation. Ability of prostate cells to proliferate was tested by two different methods; 1) direct counting of differences in number of viable cells on a 0 and 24-h period time to determine the doubling time and 2) using a non-radioactive, BrDU incorporation assay. In the presence of EGF, we observed enhanced proliferation in all the TRAMP cell lines used in the assay. There was a significant decrease in doubling time and increase in proliferation in TR-C2 ( Fig. 6A and C, p<0.001) and TR-C2N (Fig. 5A , p<0.001; Fig. 6C , p<0.05) compared to TR-C2D cells indicating that TR-C2 and TR-C2N cell lines, which have higher PI3K and MAPK activities proliferate faster than the TR-C2D, which have relatively reduced activities of PI3K and MAPK. In contrast, treatment of all three cell lines with all inhibitors of PI3K, Akt, mTOR and MEK for 16 h resulted in reduced proliferation ( Fig. 6B and D, p<0 .001).
Cooperation between Akt and MAPK signaling is necessary for the PI3K-mediated colony/foci formation by the prostate cancer cells.
An important feature of transformed cells is its ability for anchorage-independent growth and protection from anoikis, which is cell death due to the absence of anchoring extracellular matrix proteins to interact with the cell surface integrins (34) . Hyper-activation of Akt is known to confer the cells protection from anoikis (35) . Anchorageindependent growth allows transformed cells to come out of the contact inhibition and form colonies or foci when they are allowed to grow to confluence on cell culture plates or when allowed to grow in gel-like environment (36) . Since Akt and MAPK signaling has certain common, but many non-redundant functions, we sought to determine the effects of targeting PI3K, Akt, mTOR and MAPK individually and in combinations on colony formation. Our experiments using different TRAMP cell lines did not yield any colonies (data not shown) and is in agreement with many other studies where it was observed that TRAMP cells do not form colonies (28) . Hence we utilized human prostate cancer C4-2 and PC3 cell lines for these studies. Our study showed that adenovirusmediated expression of myrAkt (myristoilated Akt; constitutively active) resulted in enhanced colony formation in PC3 cells (p<0.05) (Fig. 7A) . In contrast treatment with PI3K inhibitor (LY294002) significantly inhibited colony formation by C4-2 cells, compared to DMSO-treated controls (p<0.05) (Fig. 7B) . Interestingly, inhibition of Akt (SH-5), MAPK (U0126) or mTOR (Rapamycin) did not show any significant effects on colony formation (Fig. 7B) . However, combined inhibitions of Akt and MAPK (SH-5 and U0126), as well as mTOR and MAPK (Rapamycin and U0126) significantly inhibited colony formation by PC3 cells (p<0.001 and p<0.05, respectively) (Fig. 7C) . Combined inhibition of Akt and mTOR (SH-5 and Rapamycin) did not show either any significant inhibition of colony formation by the PC3 cells (Fig. 7C) , probably because both Akt and mTOR share the same signaling pathway in mediating their effects. These results indicate that Akt and MAPK signaling cooperates in PI3K-mediated colony formation by prostate cancer cells.
Discussion
Inactivating mutations in PTEN is one of the most common reason for prostate cancer incidence in humans (9) . This results in the loss of its lipid phosphatase activity and deregulation of PI3K, Akt and MAPK pathways in prostate cancer cells without the involvement of growth factor-RTK activation (10) . Cell survival and proliferation, as it pertains to PI3K-Akt signaling pathway, begins with growth factor receptor tyrosine kinases, cytokine receptors and integrins, which upon activation recruit PI3K and Akt to the vicinity of plasma membrane (34) . The three gene Akt family (Akt1, Akt2 and Akt3), also known as protein kinase B (PKB), functions as a serine-threonine kinase regulating an array of substrates and mediating cellular processes such as cell Figure 6 . Inhibitors of PI3K, Akt, mTOR and MAPK significantly inhibit prostate cancer cell proliferation. Actively growing TRAMP cell lines (TR-C1D, TR-C2 and TR-C2N) were plated in either 48-well plate (for doubling time) or 6-well plates at a density of 1x10 4 cells/well in triplicates. After 24 h incubation in a CO 2 incubator at 37˚C, cells were treated with 0.05% DMSO (vehicle) or EGF (panels A and C) as well as EGF plus the indicated concentrations of PI3K, Akt, mTOR and MAPK inhibitors (LY294002, SH-5, Rapamycin and U0126, respectively) for another 16 h (panels B and D). Cell doubling time was determined according to direct cell count considering the logarithmic growth of cancer cells (www.doubling-time.com). Cell proliferation was determined by the direct counting (panels A and B) at 0-and 24-h periods or subjected for BrDU exclusion assay (Roche) (panels C and D). The data are presented as mean ± SD (n=3); * p<0.001, # p<0.05.
migration, proliferation, survival, cell cycle, cell size, glucose homeostasis, nutrient response and DNA damage (34, 37) . Computational analysis has suggested up to ~9000 substrates for Akt in mammalian cells (38) , out of which only a few have been identified so far. At the same time, cell survival by PI3K is also partially regulated by MAPK (39) . While considerable efforts have been devoted to targeting PI3K, Akt, mTOR and MAPK directly, no drugs have been approved for clinical use based on these signaling molecules, thus illustrating the difficulty in developing agents that target multi-task kinases, which are also vital for many functions of nonmalignant cells. In the current report, we present evidence that PI3K-mediated effects on prostate cancer cell functions involve cooperation between Akt-mTOR and MAPK signaling. Our finding challenges the existing paradigm that Akt, mTOR or MAPK alone can be suitable targets for prostate cancer therapeutic interventions and emphasizes the need for a cotargeting strategy for Akt (or mTOR) and MAPK for prostate cancer therapy. Specific inhibitors of PI3K (LY294002), Akt (SH-5; Tricirbine), mTOR (Rapamycin) and MAPK (U0126) are either in use or are proposed for use in clinical trials for treatment of many different cancers. De-regulation of activities of these signaling molecules is often correlated with the Gleason score of prostate cancer patients (23) (24) (25) . Akin to this, our study on TRAMP cell lines with multiple potencies such as non-tumorigenic, tumorigenic and highly metastatic cells (28) demonstrated a strong correlation between the tumorigenic as well as metastatic ability of prostate cancer cells with the activity status of these signaling molecules. Phosphorylations of Akt, substrates of mTOR (p70 S6 kinase, 4E-BP1 and S6 ribosomal protein), cRaf as well as ERK were all higher in tumorigenic and metastatic cell lines compared to non-tumorigenic cells, suggesting a functional correlation between these signaling molecules and prostate cancer progression. The ability of PI3K inhibitor to blunt EGF-mediated phosphorylations of Akt, mTOR substrates, cRaf and ERK in TRAMP cell lines indicate that a synergism between Akt-mTOR and MAPK may be necessary for PI3K-mediated prostate cancer progression. This is in agreement with a previous report where enhanced Akt and MAPK activities were observed in a pre-clinical model of prostate cancer (40) . Interestingly, inhibition of Akt or mTOR also resulted in partial inhibition of EGF-stimulated phosphorylations of cRaf as well as ERK, and vice versa, indicating that there are functional redundancy and cooperation between Akt and MAPK signaling downstream of PI3K activation.
PI3K-Akt signaling pathway has been shown to regulate cell migration in normal (27, 31, 34, 41) and many cancer cells (42) , including prostate cancer cells (43) . The ability of tumorigenic and metastatic TRAMP cell lines to migrate faster than the non-tumorigenic cells suggests that enhanced Akt and MAPK activities in these cell types compared to non-tumorigenic cells may be responsible for the enhanced directional migration. Although PI3K inhibition resulted in impaired migration of TRAMP cells in response to EGF, these effects were even higher upon Akt inhibition, but more or less the same upon MAPK and mTOR inhibitions. This indicate that Akt is a more specific and predominant regulator of cell migration in prostate cancer cells downstream of PI3K, whereas MAPK cooperate with Akt and/or mTOR in modulating prostate cancer cell migration or utilizes a different mechanism to regulate prostate cancer cell migration as has been recently reported (43) . Similarly, tumorigenic and metastatic TRAMP cells exhibited enhanced invasive potential compared to non-tumorigenic cells. Effects of EGF on invasion of tumorigenic TRAMP cells were blunted by treatment with PI3K, Akt, mTOR and MAPK inhibitors. Interestingly, mTOR inhibition did not show a significant effect on EGFsimulated invasion of metastatic TRAMP cells, suggesting a more specific role for MAPK in invasion and metastasis compared to mTOR-mediated downstream signaling. Overall, our study show that Akt and MAPK are involved at the different stages of prostate cancer cell migration and invasion and to some extent, their effects are redundant. The role of Akt and MAPK in the regulation of cell survival and apoptosis is like the chicken-or-egg conundrum. As the name (survival kinase) implies, Akt is well known for its role in the regulation of cell survival and prevention of apoptosis in normal (34) as well as cancer cells (42) . At the same time MAPK is also known to enhance cell survival in cancer cells upon PI3K activation (44) . However, in this cooperation, which one comes first is still a long-standing question. Many different pathways have been implicated in the Akt-regulated cell survival and inhibition of apoptosis, including BCL-2, BAD, caspases and p53-mediated pathways (45) . We observed a trend towards increased cell death (not apoptosis) in tumorigenic and metastatic cells compared to non-tumorigenic TRAMP cells. These differences became more evident upon treatment with PI3K and Akt inhibitors, where significantly enhanced cell death and apoptosis was observed in tumorigenic and metastatic cell lines compared to non-tumorigenic clones. It is likely that the modest increase in cell death among tumorigenic and metastatic cell lines, despite a higher Akt and MAPK activity is due to enhanced proliferation of these cells, as a result of which, cells do not get enough time to prepare for the next cycle of cell division. Our study, however, revealed that inhibitors of mTOR and MAPK do not have any significant effects on cell survival or apoptosis, which may be a specific phenomenon for prostate cancer cells. Together our study shows that in prostate cancer cells, regulation of cell survival and prevention of apoptosis downstream of PI3K activation is mainly controlled by one or more of the Akt-mediated survival pathways.
Both Akt and MAPK have been implicated in the regulation of cell proliferation (32) . However, it is still not clear if these effects are functionally redundant or the effects on Akt and MAPK on cell proliferation follow different pathways. While tumorigenic and metastatic TRAMP cells proliferated much faster than the non-tumorigenic cells, Akt-mediated inhibition of TRAMP cell proliferation was most effective compared to PI3K, mTOR and MAPK inhibitions. Similarly, doubling time for TRAMP cells was also the highest in prostate cancer cells treated with Akt inhibitors, compared to PI3K, mTOR and MAPK inhibitors, thus confirming the proliferation data. Together, these studies indicate that Akt is the major regulator of cell proliferation in prostate cancer cells.
Tumor colony/foci forming inhibitor-sensitive assay has been used for many years to study the tumorigenic potential malignant cells as well as to determine the effect of chemotherapeutic agents or inhibitors on tumor growth (29, 30) . In our study, expression with active form of Akt (myrAkt) in PC3 cells resulted in enhanced colony formation thus indicating that elevated Akt activity is responsible for enhanced colony/ foci formation. Interestingly, while PI3 kinase inhibition significantly reduced the number of colonies developed by C4-2 cells, inhibition of Akt, mTOR or MAPK did not show any significant effect on colony formation by human C4-2 or PC3 cells, suggesting that cellular signaling is not always bidirectional in mediating a specific function. This indicates that, even though Akt and MAPK are necessary for the regulation of growth factor-stimulated cell migration, invasion, proliferation and survival, inhibition of Akt, mTOR or MAPK is not enough for prostate cancer therapy. Since PI3K inhibition was enough for significant reduction in number of colonies developed by C4-2 cells, this suggested that in order to execute PI3K-mediated effects, Akt and MAPK has to cooperate and reconcile their effects at some point.
Cotargeting signaling molecules for cancer therapy, particularly Akt-mTOR and MAPK, has also recently been proposed by many research groups (46) . Recent studies have reported the use of cotargeting strategies involving mTOR and MAPK for cancer therapy, including prostate cancer (47, 48) . This is also in agreement with our previous findings in a Rat1 fibroblast model of oncogenic transformation (27) . Multiple models have been proposed for the cooperation between Akt-mTOR and MAPK signaling pathways in the regulation of tumor growth ( Fig. 8A and B) . In our previous study, we had reported that Akt and MAPK cooperate at the molecular and functional levels in mediating oncogenic transformation of Rat1 fibroblasts (27) . These effects were coupled by p21-activated kinase (PAK) and inhibition of p21-activated kinase activity was enough to uncouple these two signaling pathways and inhibit oncogenic transformation and colony formation (49) . Both Akt and MAPK have been shown to interact with each other in the regulation of apoptotic molecules Bim and Bad (50, 51) . MAPK is also reported to phosphorylate p70 S6 kinase and eIF4E, two downstream effectors of mTOR and cooperate in their activation (38) . At the same time, inhibition of p70 S6 kinase (a downstream target of mTORC1) by Rapamycin treat-ment can activate PI3 kinase and Ras signaling via inhibition of a feedback loop regulated by p70 S6 kinase, thus resulting in the activation of PI3 kinase-Akt and MAPK pathways, thus leading to functional redundancy even when mTOR is pharmacologically inhibited (46) . Pharmacologic inhibition of mTOR has also been shown to have a rebound effect on Akt activity in mammalian cells (52) . Even though not significant, our data supports this report and exhibit a trend in increased colony formation by C4-2 cells upon Rapamycin treatment. In summary, our findings in this study along with previous studies by us (27, 49) and other labs (47, 48, 53, 54) highlight the importance of considering a cotargeting strategy involving inhibitions of Akt-mTOR and MAPK pathways for therapeutic interventions for prostate cancer.
